Nymphs and adults of hard-bodied ticks were collected in Connecticut and tested by direct and indirect immunofluorescence staining methods for rickettsiae and Borrelia burgdorferi. Of the 609 Ixodes dammini ticks examined, 59 (9.7%) harbored rickettsialike microorganisms in hemocytes (blood cells). These bacteria reacted with fluorescein-conjugated antiserum to Ehrlichia canis, the etiologic agent of canine ehrlichiosis. Prevalence of infection ranged from 6.8 to 12.7% for males and females, respectively. Although the specific identities of the hemocytic rickettsialike organisms are unknown, they share antigens with ehrlichiae. Electron microscopy revealed rickettsiae in ovarian tissues of I. dammini that also had infected hemocytes. Rickettsialike organisms were also observed in the hemocytes of 5 (6.9%) of 73 Dermacentor variabiis ticks. In analyses for B. burgdorferi, 146 (23.7%) of 617 I. dammini ticks harbored these spirochetes in midguts. Hemocytic rickettsialike microorganisms coexisted with B. burgdorferi in 36 (6.7%) of the 537 nymphs and adults of I. dammini examined. J. dammini, with its broad host range, has the potential to acquire multiple microorganisms.
Public awareness of tick-borne pathogens and the diseases they cause is rising. The association between American dog ticks, Dermacentor variabilis, and Rocky Mountain spotted fever is well recognized (9, 27) . During the 1970s, increased populations of Ixodes dammini and the occurrence of babesiosis were reported (5, 17, 39) . The subsequent discovery of Borrelia burgdorferi, the causative agent of Lyme borreliosis (10, 43) , in I. dammini and the apparent widespread geographic distribution of this disease on different continents (40, 41) greatly elevated scientific interest in tick-related zoonotic diseases, particularly in North America and Europe. More recently, there is evidence of yet another tickassociated human disease-ehrlichiosis (26) . Human ehrlichiosis has been reported in at least 16 states (12, 26, 36) . Although the etiologic agent has not been isolated from ticks, it is believed to be Ehrlichia canis or a closely related organism (14, 44) . The brown dog tick, Rhipicephalus sanguineus, has been shown to be a vector of E. canis for dogs (20) , but this tick rarely bites humans. Thus, the vector(s) of human ehrlichiosis is unknown.
During an epidemiological investigation of human ehrlichiosis among army reservists (31) , some patients recalled being bitten by "tiny ticks." The tick species was not identified, but the training exercises were conducted in areas of New Jersey where I. dammini, Amblyomma americanum (lone star ticks), and Lyme borreliosis occur. Moreover, reports of human and canine ehrlichiosis in southern states coincide with the distribution of Ixodes scapularis, a tick that is closely related to I. dammini and Ixodes ricinus. As a group, these ticks have a wide host range that includes mammals, birds, and even reptiles (1) . The purpose of this study was to determine whether I. dammini nymphs and adults and other ixodid (hard-bodied) ticks harbor rickettsiae and whether these microorganisms coexist with B. burgdorferi. * Corresponding author. t Present address: Protatek Reference Laboratory, Chandler, AZ 85225.
MATERIALS AND METHODS
Tick collection. Adults of I. dammini and D. variabilis were collected mainly by dragging flannel cloth over vegetation in or near woodlands during the period from 1989 to 1991. Additional specimens were obtained from white-tailed deer (Odocoileus virginianus) killed during fall hunting seasons, woodchucks (Marmota monax) captured in Tomahawk traps, and people who had detached ticks from themselves. Nymphs of I. dammini and D. variabilis were also removed from white-footed mice (Peromyscus leucopus) and chipmunks (Tamias striatus) caught in Sherman box traps (2) . Other nymphs of I. dammini were removed from passerine birds caught in Japanese mist nets. The woodchucks and other rodents were released unharmed into their natural habitats following tick removal and recovery from anesthesia. Birds were examined without the use of anesthetics and were likewise released unharmed after examination. I. dammini and D. variabilis were collected in 25 towns in Connecticut, including East Haddam, Chester, Lyme, Old Lyme, and Waterford, communities in southeastern and south-central parts of the state where Lyme borreliosis is highly endemic (32) .
Preparation of tick cells and tissues. Hemolymph (blood) and midgut tissues were obtained from living ticks and processed for serologic testing. Hemolymph was obtained from ticks by amputating a leg (8) and then allowed to air dry on glass microscope slides. Midgut tissues were removed from ticks, and impression smears were prepared as reported earlier (10 5B1) . The production and use of this genusspecific antiserum, which reacted with a 57-to 58-kDa antigen of Ehrlichia species, has been reported (13) .
Detection of B. burgdorferi in tick midgut tissues was likewise accomplished by indirect FA staining. Murine monoclonal antibodies (H5332), directed to outer surface protein A of B. burgdorferi, and a 1:60 dilution of FITCconjugated goat anti-mouse IgG (specific for heavy and light chains) antibodies (Organon Teknika Corp., Durham, N.C.) were used as previously reported (22) .
Specificity tests. Indirect FA staining methods were applied to assess serologic cross-reactivity between the Ehrlichia spp. and related microorganisms. The canine and human sera, with antibodies to E. canis, were tested against E. canis (infected canine monocytes were used as the antigen) in homologous tests and against the following purified spotted fever group (SFG) rickettsiae: Rickettsia rickettsii (R strain), Rickettsia montana (M15-6), and Rickettsia rhipicephali (3-7 9 -6). Formalin-treated antigens of these SFG rickettsiae were prepared at the Rocky Mountain Laboratories (Hamilton, Mont.). Details of the preparation of standardized concentrations of stock rickettsial antigens, stabilization procedures, and use of antigens in serologic testing have been published previously (23, 24, 30, 33 Parallel tests were conducted to determine whether human serum containing antibodies to R. rickettsii (titer = 1:4,096) would react with the hemocytic rickettsialike microorganisms in female I. dammini. Of the 20 hemolymph preparations positive by direct FA staining with antiserum to E. canis, none of the duplicate preparations from these ticks reacted when sera from spotted fever patients were tested by indirect FA staining.
Numerous rickettsiae were observed by electron microscopy in ovarian tissue of adult female I. dammini (Fig. 2) . The reactivity of these organisms to conjugated E. canis antiserum is unconfirmed. However, hemocytes from these ticks contained rickettsialike organisms that reacted positively with FITC-labeled antibodies to E. canis. Ovarian tissues were identified by the presence of intercellular cytoplasmic bridges and extensive microtubules within the host cell cytoplasm (Fig. 2B) , as described previously by Brinton (6) and Raikhel (35) . No rickettsiae were found by examining serial sections of other internal organs, including the Malpighian tubules, midgut epithelium, nerves, salivary glands, and tracheae.
By electron microscopy, the individual rickettsiae found in tick ovaries were uniformly rod-shaped and measured 0.9 to 1.5 ,um long and 0.4 to 0.5 ,um wide (Fig. 3A) . The rickettsiae were surrounded by a prominent electron-lucent halo zone and were delineated by two distinct unit membranes: an outer cell wall that was characteristically rippled and an inner cytoplasmic membrane, separated by an electron-lucent periplasmic space (Fig. 3B) of the rickettsiae observed in ovarian cells were due to the orientation of microorganisms at the time they were sectioned for electron microscopy. True pleomorphic forms were not observed. Also, electron-lucent halo zones sometimes overlapped and appeared deceptively like vacuoles but were clearly without membranes.
The cytoplasm was amorphous and composed of a dense granular matrix. The cytoplasm was noticeably void of any fibrillar reticulation, nuclear inclusion bodies, or well-defined vacuoles but often contained a single small (65-to 120-nm diameter) crystalline inclusion body that possessed a distinct lattice structure (Fig. 3C) .
Rickettsiae were confined to the host cell cytoplasm, and reproduction appeared to occur by binary fission (Fig. 3D) . A variable number of lysosomelike organelles that contained small vessicles surrounded by concentric membranes were also observed (Fig. 3E ). These were randomly dispersed throughout the cytoplasm and appeared to engulf individual rickettsiae.
DISCUSSION
Rickettsialike microorganisms are present in the hemocytes of I. dammini and D. variabilis. However, it is unclear whether or not these organisms, which apparently share antigens with ehrlichiae, are pathogenic to humans or domesticated animals. They could be avirulent. Initial attempts to isolate these organisms from I. dammini in cell culture have been unsuccessful thus far. Ticks are suspected vectors of ehrlichiae, but conclusive experimental evidence linking the pathogen, vector, and vertebrate host for Potomac horse fever and human ehrlichiosis in the United States is lacking.
Isolation of etiologic agents and subsequent studies with ticks and laboratory animals are required to demonstrate transmission and pathogenicity. Such experiments have been performed for E. canis, R. sanguineus, and dogs (20) and can be performed for other ehrlichial agents as well. However, brown dog ticks, unlike I. dammini, are relatively host specific (28) and prefer dogs over other mammals. If the etiologic agent of human ehrlichiosis is E. canis, then it is likely that additional tick vectors are involved.
Canine ehrlichiosis occurs in Connecticut (25) and several other states where there are multiple tick species. Aside from dogs and other wild canids, such as coyotes and red and gray foxes, that are reservoirs for E. canis, it is unknown if other wildlife (e.g., rodents, lagomorphs, or deer) are likely reservoirs for this organism or other ehrlichiae. In Europe, I. ricinus is a vector of Ehrlichia phagocytophila, the etiologic agent of tick-borne fever in sheep and cattle (37) . Deer are believed to be natural hosts for this granulocytic ehrlichia. Thus, alternative reservoir hosts for E. canis and E. risticii should be considered.
The number of I. dammini harboring hemocytic rickettsialike microorganisms was larger than the number of D. variabilis adults infected with SFG rickettsiae (24) but was smaller than the number infected with B. burgdorferi (21) . Although ticks do not efficiently pass ehrlichiae or B. burgdorferi transovarially (22, 26) , transstadial transmission of these bacteria does occur (3, 26) . Therefore, as in Lyme borreliosis, the competence of vertebrate reservoirs for ehrlichiosis is probably an important epidemiological factor and warrants further study.
In tests of the specificity of conjugated or unlabeled antisera to E. canis, there was no cross-reactivity with W. persica or SFG rickettsiae. Failure to cross-react with SFG or typhus-group rickettsiae agrees with earlier reports (26, 36, 38) . Similarly, human sera containing antibodies to E. canis or a related agent were negative in tests with the following antigens: R. rickettsii, Rickettsia typhi, Coxiella within the tribe Ehrlichieae, share common antigens with members of the genus Ehrlichia, particularly E. equi (19) . Thus, a variable degree of serologic cross-reactivity among ehrlichiae is probable. SFG rickettsiae also infect tick hemocytes (8, 23, 24) , but in Connecticut, the prevalence of infection in D. variabilis and I. dammini was usually less than 3% (23, 24) . Although the antisera used in the present study were produced against E. canis, the hemocytic rickettsialike organisms observed in I. dammini and D. variabilis may not be this bacterium but another closely related organism. Elevated positivity rates recorded by direct FA staining were probably due to higher concentrations of IgG antibodies and overall better reagent quality.
Ticks can harbor symbiotes, such as W. persica, in ovarian and Malpighian tubules (16) . However, these rickettsiae do not commonly occur in tick hemocytes. Moreover, on the basis of analyses of 16S rRNA sequences, W. persica appears to be more distantly related to the ehrlichiae than are the SFG and typhus-group rickettsiae (45) . Representatives of the genus Rickettsia (tribe Rickettsieae) were placed along with E. risticii (tribe Ehrlichieae) in the alpha subdivision of the purple eubacteria (class Proteobacteria), whereas W. persica (tribe Wolbachieae) was assigned to the gamma subdivision ofthese bacteria. It is unlikely that the hemocytic microorganisms observed in the present study are in the genus Wolbachia. Although members of the genera Rickettsia and Ehrlichia are more closely related phylogenetically, there is minimal or no serologic cross-reactivity between these genera.
The rickettsiae observed in ovarian tissues ofI. dammini do not appear to be morphologically similar to ehrlichiae. The ehrlichiae are round to ovoid, have an inner structure of variable electron density, and are contained within characteristic membrane-lined vacuoles called morulae (18, 36, 37, 42) . In contrast, the rickettsia found in the ovaries of I. dammini has morphological characteristics that are similar to those of the SFG rickettsiae (47) (i.e., size, shape, nature of cell wall and cytoplasmic membrane), including an apparently nonpathogenic isolate from A. americanum called WB-8-2 (11). Ultrastructurally, these rickettsiae and those observed in the ovaries of I. dammini have a diplo-elliptical shape and dense granular cytoplasm that contains crystalline inclusions. AIthough the nature and function of these crystalline inclusions are unknown, they also have been observed in Rickettsia canada (7) and infrequently in degenerating R. rhipicephali (15) .
Aside from the slightly larger diameter of WB-8-2 (0.68 versus 0.4 to 0.5 ,um), a major difference between these rickettsiae and the microorganisms observed in the ovaries of I. dammini appears to be the sites of infection within the tick. Most abundant in the ovaries and Malpighian tubules of A. americanum (11) , WB-8-2 usually invades other tick host tissues. The rickettsialike microorganisms in I. dammini, however, are apparently limited to hemocytes and ovarian tissue. We were unable to specifically test rickettsialike organisms in I. dammini against antisera to WB-8-2, because homologous antiserum to this rickettsia was unavailable.
The hemocytic organisms in I. dammini did not cross-react when human sera from spotted fever patients were tested. Additional serologic test results revealed no cross-reactivity between W. persica antisera and the hemocytic rickettsialike organisms in I. dammini. The absence of pleomorphic forms, nuclear inclusion bodies, and fibrillar reticulation in the cytoplasm of ovarian rickettsiae also clearly distinguishes them from symbiotic Wolbachia spp. (16, 46 
